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Abstract: To investigate the effect of low light (LL, 50% natural light) during grain filling (GF) stage on rice 
transamination, amino acid (AA) accumulation, nutritional value, and cooking quality in three different rice 
genotypes, transaminase activities and AA levels in grains during GF stage and the traits that significantly 
affected rice quality (physical appearance, cooking quality, and nutritional value) were analyzed. LL did 
not disturb transamination in rice grains during GF stage, as minimal impact was found on alanine and 
aspartate transaminase activities. Nevertheless, most AAs in caryopses, including lysine and threonine, 
increased in response to LL, except for sulfur-containing AAs. These results suggest that AA metabolism 
and accumulation in rice grains were rarely suppressed by LL during GF stage. Rice nutritional 
ingredients at harvest, such as major protein components including glutelin and most important essential 
amino acids (EAAs) including lysine and threonine, increased significantly in response to LL, whereas 
most protein and EAA ratios were rarely affected. However, LL markedly affected physical appearance of 
rice grains by reducing brown rice rate, milled rice rate, and 1000-grain weight and increasing the 
chalkiness rate. In addition, cooking qualities decreased in response to LL, while breakdown values and 
amylose levels decreased and setback values increased. We concluded that LL during GF stage 
decreased the cooking quality of rice, but could potentially improve the nutritional value of rice. 
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value; rice 
 
Rice during the heading stage is most sensitive to 
environmental conditions. The optimum solar radiation 
value during rice grain filling (GF) stage (30 d before 
harvest) is 200 h bright sunlight (Murty and Sahu, 
1987). However, rice is frequently exposed to low 
light (LL, 50% natural light) intensity in many 
rice-producing areas, such as in Sichuan Basin of 
China, where < 1 200 h sunlight occurs throughout the 
year, and in India, where only 300 h sunlight occurs 
from July to September (Vamadevan and Murty, 1976; 
Viji et al, 1997; Huang, 1998). It is well known that 
LL condition decreases photosynthetic enzymatic 
activities and reduces photosynthetic rate, leading to a 
cascade of events, such as a declined number of tillers 
during vegetative growth, reduced male fertility at 
flowering, and diminished ability to accumulate starch 
during GF stage, which result in poor rice quality and 
yield (Murty and Sahu, 1987; Islam and Morison, 
1992; Liu et al, 2014). Of considerable concern is the 
heavier rainfall trend observed in many regions of 
China in the last few years (Shi et al, 2014). Since 
2000, the decrease in solar radiation appears to have 
been exacerbated by environmental pollution, which 
has led to a regional haze. This, in turn, will give rise 
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to less sunlight for producing crops in China and is 
expected to adversely affect crop quality and yield 
(Zhang et al, 2012; Li et al, 2013). 
Rice quality is a multi-faceted trait and commonly 
evaluated by physical appearance (milling efficiency, 
grain shape, and appearance), cooking and sensory 
properties, as well as nutritional value (Fitzgerald et al, 
2009). Inappropriate accumulation of starch during 
GF stage under LL normally causes sterile and 
defective caryopses, and leads to a declined yield 
(Kato, 1986; Borah and Bakuah, 1995; Li et al, 2006). 
As a result, defective caryopses under LL are usually 
chalky and have a loose physical structure that results 
in decreased rice quality, including appearance quality, 
milling efficiency, and cooking and sensory properties 
(Ren et al, 2003; Li et al, 2006; Wang et al, 2013). 
Although the global demand for high quality rice is 
growing, changes in rice nutritional contents, such as 
protein component and essential amino acids (EAAs) 
in rice caryopses under LL that would cause enormous 
impacts on rice quality, are not well understood.  
Rice nutritional value is mainly determined by 
protein and amino acids (AAs), particularly the levels 
and ratios of protein components and EAAs (Nishizawa 
et al, 1990). Protein, which accounts for 6%–10% of 
dry milled rice weight, is mainly classified into albumin, 
prolamin, globulin and glutelin (Juliano et al, 1971; 
Hamaker, 1994; Singh et al, 1998). Protein levels increase 
under exacerbated shade conditions during GF stage 
(Ren et al, 2003). It seems that elevated protein levels 
under LL can improve rice nutritional value. However, 
the changes in protein components and EAAs that will 
cause differential effects on rice quality must be clarified 
(Kizaki et al, 1993; Matsue et al, 1995; Martin and 
Fitzgerald, 2002). Light intensity may also affect rice 
grain nitrogen (N) and AA metabolism, as protein 
levels in caryopses increase under LL (Ren et al, 2003). 
Glutamine synthetase (GS) and glutamate synthase 
(GOGAT) catalyze the assimilation of NH4
+, which 
plays an important role in N metabolism in higher 
plants (Miflin and Lea, 1976). Some studies have 
confirmed that the GS/GOGAT cycle in rice grains 
only plays a limited role in N metabolism in rice grains 
(Yamakawa and Hakata, 2010; Liang et al, 2011). In 
contrast, aspartate transaminase (AST) and alanine 
transaminase (ALT), which catalyze the production of 
the precursors of aspartate and alanine family of AAs, 
determine the intensity of N and AA metabolism in 
rice grains (Liang et al, 2013). Therefore, the objective 
of this study was to determine the impact of LL during 
GF stage on rice transaminase activities and AA 
accumulation in grains, physical appearance, cooking 
and sensory properties, and nutritional value as well as 
the relationships among these traits and rice quality. 
MATERIALS AND METHODS 
Plant growth and sampling 
Field experiments were conducted during the growing 
seasons in 2008 and 2010 at the research farm of Sichuan 
Agricultural University, Ya’an City, Sichuan Province, 
China (30°8ƍ N, 103°14ƍ E). The soil for all studies 
was fundamentally comprised of purple clay. The clay 
(pH 6.6) in 2008 contained 20.18 g/kg organic matter, 
1.31 g/kg total N, 110.95 mg/kg available N, 26.52 
mg/kg available P, and 143.42 mg/kg available K. The 
clay (pH 6.6) in 2010 contained 17.86 g/kg organic 
matter, 1.21 g/kg total N, 90.00 mg/kg available N, 15.13 
mg/kg available P, and 70.70 mg/kg available K.  
Conventional japonica rice, Koshihikari, which is 
the most well-known rice in Japan, conventional 
indica rice, IR72, which has a high yield with superior 
quality grains, and hybrid indica rice, Gangyou 527, 
which is widely planted in Sichuan Province and has 
superior yield and strong adaptability to LL, were 
selected. Rice seeds were sown on 8 April 2008 and 
10 April 2010, and the seedlings were transplanted on 
22 May 2008 and 28 May 2010, respectively. The area 
of each test plot was 4.0 m × 3.6 m, and the transplant 
density was 25 cm × 18 cm. Before sowing, 150 
kg/hm2 N, 150 kg/hm2 K2O, and 50 kg/hm
2 P2O5 were 
applied as base fertilizer. An additional 50 kg/hm2 N 
was applied as top dressing at 15 d after transplant. 
The experiment was designed in a random block 
design with three replications. Rice plants were grown 
in a natural environment before treatment. When the 
rice plants were at the heading stage, plants grown 
under natural light (NL) were used as controls, 
whereas plants grown under a shadow net (50% of NL 
intensity) throughout the heading to maturity stage 
were as the LL treatment. A net was placed on a 180 
cm frame aboveground to ensure that the plants were 
well ventilated. Rice grains from primary spikelets 
were sampled at harvest in 2008 to assess rice quality. 
Approximately 150 plants from each plot at the same 
growing stage were labeled in 2010. Five labeled 
plants from each plot were sampled from 9:00 am to 
10:00 am at 10, 15, 20, 25 and 30 d after heading for 
enzyme assays. Additionally, 15 labeled plants from 
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each plot were sampled and dried to measure AA 
levels. Thirty labeled plants from each plot were 
sampled at harvest to assess rice quality. 
Evaluation of rice physical appearance 
The 1000-grain weight, brown rice rate (Brown rice 
weight / Tested clean paddy weight × 100, %), milled 
rice rate (Milled rice weight / Tested clean paddy 
weight × 100, %), chalkiness rate (Chalky rice number 
/ Tested rice number × 100, %), and the length/width 
ratio were measured using the standard NY147-88 
(Standards of the Agricultural Department, People’s 
Republic of China, 1989). Harvested rice grains were 
screened using the FJ-1 seed winnower to analyze 
1000-grain weight (Taizhou Food Instrument, Zhejiang 
Province, China). About 130.0 g rice grains were 
processed with the JLGJ-45 power rice huller (Taizhou 
Food Instrument, Zhejiang Province, China), 25.0 g 
brown rice was processed with the JNMJ-3 rice milling 
machine (Taizhou Food Instrument, Zhejiang Province, 
China) and the JFQS-13 × 20 broken rice separator 
(Taizhou Food Instrument, Zhejiang Province, China) 
to analyze brown rice rate and milled rice rate, 
respectively. 
Measurement of amylose content 
Samples to quantify rice chemical components were 
crushed and sieved with a 100-mesh screen. Amylose 
was measured according to the method of the 
standards NY147-88 (Standards of the Agricultural 
Department, People’s Republic of China, 1989). 
Approximately 100 mg sample was gently mixed with 
1 mL of 95% ethanol, and 9 mL of 1 mol/L NaOH was 
slowly added to the mixed liquor. The samples were 
then boiled for 10 min. The mixed liquor was diluted 
with distilled water to 100 mL, of which 5 mL was diluted 
with approximately 50 mL distilled water and acidified 
by adding 1.0 mL of 1 mol/L acetic acid. The samples 
were stained by adding 1.5 mL I2/KI solution 
(containing 0.2% I2 and 2% KI). The optical density 
value was read at 620 nm after 20 min. The control for 
the reaction solution was prepared using 5 mL of 0.09 
mol/L NaOH to replace the diluent. Amylose content 
was calculated using a potato starch standard curve. 
Measurement of Rapid Visco-Analyzer (RVA) 
value 
A total of 3.0 g sample and 25.0 mL distilled water 
were added to a test bottle. Pasting properties were 
measured using a Rapid Visco-Analyzer model 3-D 
RVA (Newport Scienti¿c, Sydney, Australia) (Perez 
et al, 1993).  
Measurement of protein component content 
Protein components were extracted according to the 
method of Wu and Su (2008). A total of 500 mg 
samples were used. Albumin was extracted using 10 
mmol/L Tris-HCl (pH 7.5). Prolamin was extracted 
using 10 mmol/L Tris-HCl with 0.5 mol/L NaCl (pH 
7.5). Globulin was extracted using 60% normal propyl 
alcohol, and glutelin was extracted using a mixed 
liquor of 0.5% sodium tartrate, 0.24% copper sulfate, 
1.68% KOH, and 50% normal propyl alcohol. Albumin, 
prolamin and globulin contents were measured by 
Coomassie Brilliant Blue staining (Blakesley and Boezi, 
1977). Glutelin and protein were measured using a 
B-324 Kjeltec Protein Analyzer (BÜCHI Laborechnik, 
Switzerland) with a conversion coefficient of 5.95.  
Measurement of amino acid content 
A total of 200 mg sample was pyrolysed in 8 mL of 6 
mol/L HCl at 110 °C for 22 h. The solution was 
filtered and diluted with double distilled water up to 
25 mL, of which 1 mL was evaporated to dryness. Then, 
3 mL of 0.02 mol/L HCl was added to re-dissolve the 
sample. The sample was filtered, and 20 ȝL liquid filtrate 
was injected into an L-8800 Amino Acid Analyzer 
(Hitachi, Tokyo, Japan) to determine AA levels. As 
protein was pyrolysed by 6 mol/L HCl, glutamine and 
asparagine were transformed to glutamate (Glu) and 
aspartate (Asp), respectively, and tryptophan (Trp) 
was undetectable (Wu and Su, 2008).  
Assays of aspartate transaminase (AST) and 
alanine transaminase (ALT) 
AST and ALT activities were measured by the method 
of Wu et al (1998). Five to ten superior grains from 
10–35 d after heading were dehulled, weighed and 
extracted with 2 mL of 50 mmol/L per-cooled Tris-HCl 
buffer (pH 7.2). The homogenate was centrifuged at 
12 000 r/min at 4 °C for 20 min. Then, 500 ȝL AST 
reaction mixture (pH 7.4, 1 mol/L NaOH, 2 mmol/L 
Į-oxoglutarate and 200 mmol/L L-aspartic acid) or the 
ALT reaction mixture (pH 7.4, 1 mol/L NaOH, 2 mmol/L 
Į-oxoglutarate and 200 mmol/L L-lactamine) was 
added to 100 ȝL diluted enzyme supernatant and 
incubated at 37 ºC for 30 min. Then, 500 ȝL of 1 mmol/L 
2,4-dinitrophenylhydrazine was added and incubated 
for another 20 min. The reaction was terminated by 
adding 5 mL of 0.4 mol/L NaOH. The optical density 
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value was read at 500 nm after 10 min. The same 
reaction solution described above was used as the 
control after adding 2,4-dinitrophenylhydrazine. The 
AST and ALT activity units were the amount of pyruvic 
acid produced per minute. 
Data analysis 
All data were compiled using Win-Excel (Microsoft, 
Inc., Redmond, WA, USA). The means and differences 
of three replicate were determined using SPSS 13.0 
statistical software (SPSS Inc., Chicago, IL, USA). 
The mean protein component and EAA levels from 
three replicate were calculated using the following 
formulae to determine the protein component and 
EAA ratios: 
Protein component ratio (%) = Protein component 
level / Protein level × 100. 
EAA ratio (%) = EAA level / Protein level × 100. 
The protein components were albumin, prolamin, 
globulin and glutelin. The EAAs were lysine (Lys), 
threonine (Thr), methionine (Met), isoleucine (Ile), 
leucine (Leu), valine (Val) and phenylalanine (Phe). 
RESULTS 
Amino acid metabolism and accumulation in rice 
grown under normal and low light conditions 
To investigate the effect of LL during GF stage on rice 
AA metabolism, the AST and ALT activities were 
assayed in rice superior grains of the three varieties 
10–35 d after heading. The AST and ALT activities 
showed similar trends under LL and NL conditions 
during GF stage. Although lower AST and ALT activities 
were observed at 10 and 20 d in Koshihikari, at 20 d 
in IR72, and at 10 d in Gangyou 527, higher activities 
were found at 30 d in Koshihikari, at 10 d in IR72, and 
at 25 and 35 d in Gangyou 527, respectively, under LL 
condition (Fig. 1). As a whole, no significant differences 
in total AST and ALT activities (n = 6) were detected 
between LL and NL conditions. 
AST primarily catalyzes Glu and oxaloacetic acid 
to produce Asp that is used to synthesize aspartate 
family AAs, such as Lys, Thr, Met and Ile. ALT primarily 
catalyzes Glu and pyruvic acid to produce Ala that is 
used to synthesize alanine family AAs, such as Leu 
and Val. Therefore, the levels of those AAs during GF 
stage were investigated (Fig. 2). LL increased the levels 
of most detected AAs in caryopses during GF stage, 
including those in Koshihikari from 20 d after heading, 
in IR72 from 10 d after heading, and in Gangyou 527 
from 25 d after heading (Fig. 2). However, Met levels 
in caryopses of all varieties rarely increased or even 
decreased in response to LL condition during GF 
stage, as shown in Gangyou 527 throughout the rice 
GF stage (Fig. 2). 
Protein and amino acid level and ratios in rice 
grown under normal and low light conditions 
To investigate the effect of LL during GF stage on rice 
nutritional value, the protein and AA levels and ratios 
were determined in rice grains. Light intensity 
Fig. 1. Activities of aspartate transaminase (AST) (A) and alanine transaminase (ALT) (B) in rice superior grains from 10 to 35 d after 
heading under natural light (NL) and low light (LL) conditions. 
Error bars represent standard deviations. 
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significantly affected rice total amino acids (TAAs) 
and EAA levels (Table 1). The protein levels of the 
three varieties increased significantly in response to 
LL during GF stage, which led to 16.02%–28.89% 
increase in protein levels in 2008 and 19.30%–36.69% 
increase in 2010. The same was true for TAA levels, 
which increased by 16.61%–22.47% in 2008 and by 
23.18%–34.49% in 2010. The levels of most EAAs in 
the three varieties over the two years increased 
significantly under LL condition during GF stage, except 
the Met level in Gangyou 527 was not significantly 
affected by LL. Interestingly, EAA ratios were little 
affected by light intensity, particularly Thr, Ile and 
Val ratios, which rarely changed in response to LL in 
the three varieties over the two years (Table 1). In 
addition, no significant interaction effects were found 
among light intensity and variety or light intensity, year 
and variety in most of EAA ratios (Table 1). 
Excluding glutelin, no significant difference was 
detected in the levels of the other rice protein components 
among varieties. However, the levels of protein 
components were significantly affected by light intensity 
during GF stage (Table 2), except globulin and prolamin 
in Gangyou 527. As expected, the levels of most protein 
components increased significantly in response to LL, 
including the predominant protein component (glutelin) 
that increased by 30.02%, 36.26% and 20.30% in 
Koshihikari, IR72 and Gangyou 527 in 2010, respectively 
(Table 2). Similar to the EAA ratios, light intensity had 
little effect on the protein component ratios, particularly 
on the glutelin and globulin ratios (Table 2). 
Physical appearance of rice grown under normal 
and low light conditions 
To investigate the effect of LL during GF stage on the 
physical appearance of rice, labeled plants of the three 
varieties were harvested to determine 1000-grain weight, 
brown rice rate, milled rice rate, chalkiness rate, and 
Fig. 2. Asp- and Ala-family amino acid levels in grains of Koshihikari, IR72 and Gangyou 527 from 10 to 35 d after heading under natural 
light (NL) and low light (LL) conditions. 
Asp, Aspartic acid; Thr, Threonine; Met, Methionine; Ile, Isoleucine; Lys, Lysine; Ala, Alanine; Val, Valine; Leu, Leucine. 
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the length/width ratio. The 1000-grain weight, brown 
rice rate, milled rice rate, and chalkiness rate were 
significantly impacted by light intensity (Table 3). The 
chalkiness rate increased by 420.00% in Koshihikari, 
118.75% in IR72, and 34.85% in Gangyou 527, and it 
was the parameter most impacted by LL during GF 
stage. In addition, milled rice rate decreased by 41.87% 
in Koshihikari, 30.17% in IR72, and 18.68% in 
Gangyou 527. The 1000-grain weight, brown rice rate 
and length/width ratio appeared variety dependence, 
but LL during GF stage caused decreases in 1000- 
grain weigh and brown rice rate, but an increase in the 
length/width ratio (Table 3). In addition, significant 
interaction effects were detected for light intensity and 
variety on 1000-grain weight, brown rice rate, milled 
rice rate, and the length/width ratio (Table 3). 
Amylose level and Rapid Visco-Analyzer (RVA) 
value of rice grown under normal and low light 
conditions 
Rice varieties with high amylose content are usually 
relatively rigid, elastic and strong, whereas those with 
low amylose content are soft, inelastic and weak (Radhika 
Reddy et al, 1994). Amylose levels were different among 
the three varieties. Koshihikari was characterized by a 
low amylose level, whereas IR72 and Gangyou 527 
exhibited higher amylose levels (Table 4). Although 
no significant effect of light intensity on amylose level 
was detected based on a general linear model 
(univariate) analysis, LL during GF stage significantly 
Table 1. Characteristics of rice protein, essential amino acid (EAA) levels and EAA ratios of three rice varieties under natural light (NL) and 
low light (LL, 50% of NL) conditions during grain filling stage in two growing seasons (2008 and 2010). 
Variety Year Light 
Protein 
(mg/g) 
TAA 
(mg/g) 
Essential amino acids level (mg/g) Essential amino acids ratio (%) 
Lys Thr Met Ile Val Leu Phe Lys Thr Met Ile Val Leu Phe 
Koshihikari 2008 NL 64.90 b 74.86 b 3.17 b 2.33 b 1.46 b 3.12 b 4.50 b 6.61 b 4.69 b 4.88 a 3.59 a 2.25 b 4.81 b 6.93 a 10.19 a 7.23 a 
 LL 75.30 a 87.29 a 3.40 a 2.77 a 1.91 a 3.76 a 5.39 a 7.66 a 5.19 a 4.52 b 3.68 a 2.54 a 4.99 a 7.16 a 10.18 a 6.88 b 
2010 NL 67.09 b 59.07 b 3.45 a 2.11 b 1.41 b 2.19 b 2.49 a 4.20 b 2.20 b 5.14 a 3.15 a 2.10 a 3.27 a 3.71 a  6.26 a 3.28 a 
 LL 88.33 a 79.44 a 3.98 a 2.88 a 1.85 a 2.84 a 3.64 a 5.40 a 3.67 a  4.51 a 3.27 a 2.09 a 3.22 a 4.13 a  6.13 a 4.16 a 
IR72 2008 NL 57.80 b 68.28 b 2.89 b 2.22 b 1.63 b 2.92 b 4.28 b 5.80 b 3.93 b  5.00 a 3.85 a 2.82 a 5.05 a 7.41 a 10.04 a 6.81 a 
 LL 74.50 a 83.63 a 3.51 a 2.73 a 1.89 a 3.60 a 5.18 a 7.07 a 4.98 a  4.72 a 3.66 a 2.54 b 4.83 a 6.95 a  9.49 b 6.68 a 
2010 NL 71.41 b 64.99 b 3.11 b 2.31 b 1.70 a 2.27 b 2.88 b 4.35 b 2.82 a  4.36 a 3.24 a 2.39 a 3.18 a 4.04 a  6.10 a 3.95 a 
 LL 97.61 a 85.78 a 4.24 a 3.32 a 2.02 a 3.05 a 4.30 a 6.16 a 3.11 a  4.34 a 3.40 a 2.07 a 3.12 a 4.40 a  6.31 a 3.19 b 
Gangyou 527 2008 NL 55.30 b 61.20 b 2.85 b 1.90 b 1.95 a 2.58 b 4.36 b 5.22 b 3.68 b  5.15 a 3.44 a 3.52 a 4.66 a 7.89 a  9.44 a 6.65 a 
 LL 68.50 a 74.10 a 3.10 a 2.41 a 1.85 a 3.19 a 4.73 a 6.53 a 4.45 a  4.52 b 3.52 a 2.70 b 4.66 a 6.91 b  9.53 a 6.49 a 
2010 NL 80.92 b 63.75 b 3.08 b 2.32 b 1.60 a 2.42 b 2.90 b 4.27 b 2.47 a  3.81 a 2.87 a 1.98 a 2.99 a 3.58 a  5.27 a 3.05 a 
 LL 96.61 a 78.52 a 3.59 a 2.99 a 1.84 a 2.89 a 3.59 a 5.23 a 3.08 a  3.72 a 3.09 a 1.90 a 3.00 a 3.72 a  5.42 a 3.19 a 
Light (L)   *** *** *** *** *** *** *** *** *** ns ns ns ns ns ns ns 
Year (Y)   *** *** *** ** ns *** *** *** *** ns ns ** *** *** *** *** 
Variety (V)   *** *** *** ns * * ns *** *** * ns * ns ns ** * 
L × Y   *** *** ** *** *** *** *** *** *** *** ns ** *** *** *** *** 
L × V   *** *** ns ** * *** ns *** * *** ns *** ns ** ns ns 
Y × V   *** *** ns ** ns *** ns *** ** *** ns *** ns ** * ns 
L × Y × V   ns ns ns * ns ns ns ns ns ns ns ns ns ns ns ns 
Different small letters represent significant difference between NL and LL at 0.05 level; *, ** and *** represent significant differences at 0.05, 
0.01 and 0.001 levels, respectively; ns, No-significance at 0.05 level. 
TAA, Total amino acid; Lys, Lysine; Thr, Threonine; Met, Methionine; Ile, Isoleucine; Val, Valine; Leu, Leucine; Phe, Phenylalanine. 
 
Table 2. Characteristics of rice protein components and ratios of three rice varieties under natural light (NL) and low light (LL, 50% of NL) 
conditions during grain filling stage in 2010. 
Variety Light 
Protein component (mg/g) Protein component ratio (%) 
Albumin Globulin Prolamin Glutelin Albumin Globulin Prolamin Glutelin 
Koshihikari NL 1.78 b 7.02 b 4.86 b 53.43 b 2.64 b 10.47 a 7.24 a 79.65 a 
LL 3.24 a 8.80 a 6.87 a 69.43 a 3.67 a  9.96 a 7.76 a 78.61 a 
IR72 NL 2.39 a 6.72 b 2.71 b 59.58 b 3.35 a  9.43 a 3.81 b 83.41 a 
LL 1.64 b 8.93 a 5.91 a 81.13 a 1.68 b  9.15 a 6.06 a 83.11 a 
Gangyou527 NL 1.89 b 7.02 a 6.41 a 65.60 b 2.34 a  8.68 a 7.92 a 81.06 a 
LL 2.46 a 8.27 a 7.11 a 78.77 a 2.55 a  8.57 a 7.38 a 81.50 a 
Light (L)  ns *** ** *** ns ns ns ns 
Variety (V)  ns ns ns *** ns *** ns ns 
L × V  ns *** ns *** ns ** ns ns 
Different small letters represent significant difference between NL and LL at 0.05 level; *, ** and *** represent significant differences at the 
0.05, 0.01 and 0.001 levels, respectively; ns, No significance at 0.05 level. 
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suppressed amylose accumulation and led to decreased 
amylose levels in Koshihikari, IR72 and Gangyou 527 
by 15.45%, 11.96% and 9.36%, respectively.  
RVA measures rice flour pasting viscosity 
characteristics and is an important way to determine 
rice cooking characteristics. The RVA values were 
primarily variety dependence, and peak viscosity, final 
viscosity, and setback were significantly different in 
each variety (Table 4). For example, Koshihikari is 
well known as high quality rice that particularly 
exhibited a higher breakdown value and lower setback 
value, compared with IR72 and Gangyou 527 (Table 
4). However, light intensity significantly affected 
RVA values including breakdown and setback. As a 
whole, LL during GF stage decreased the breakdown, 
peak viscosity, final viscosity, and trough viscosity 
values of all varieties, but, increased their setback 
values (Table 4). 
DISCUSSION 
Low light did not suppress transamination but 
increased rice nutritional value in rice grains 
Solar radiation reaching the Earth has been decreasing 
by about 2.7% per decade at 25° N to 45° N (Stanhill 
and Cohen, 2001). Thus, it appears that rice production 
in China will suffer from heavy rainfall and greater 
amounts of regional haze due to air pollution in the 
near future (Li et al, 2013; Shi et al, 2014). Previous 
reports indicated that reduced radiation seriously 
suppresses starch enzyme activities and decreases the 
contents of starch, amylose and sucrose in caryopses 
(Li et al, 2006; Liu et al, 2006; Wang et al, 2013), but 
increases protein content (Ren et al, 2003). However, 
in this study, LL had little impact on AST and ALT 
activities in rice superior grains (Fig. 1), suggesting 
that AA metabolism may be more stable than starch 
metabolism in grains when rice plants were exposed 
to LL. 
LL during GF stage adversely affects N absorption, 
accumulation and recombination in rice plants, 
including changes in N distribution in plant tissues 
and suppression of N transport from source to sink 
organs (Ren et al, 2003). However, in this study, the 
levels of most detected AAs in caryopses of the three 
varieties increased under LL condition during GF stage 
(Fig. 2). This result suggested that N transport from 
source to each filling caryopsis was not suppressed. 
This hypothesis was also supported by the slight changes 
Table 3. Characteristics of rice physical appearance of three rice varieties under natural light (NL) and low light (LL, 50% of NL) conditions 
during rice grain filling in 2010. 
Variety Light 1000-grain weight (g) Brown rice rate (g) Milled rice rate (%) Chalkiness rate (%) Length/width ratio 
Koshihikari NL 23.11 a 79.97 a 52.70 a 3.33 b 1.69 b 
LL 21.23 b 75.36 b 30.63 b 17.33 a 1.80 a 
IR72 NL 25.65 a 76.68 a 44.79 a 16.00 b 2.54 a 
LL 23.88 b 73.03 b 31.28 b 35.00 a 2.55 a 
Gangyou 527 NL 27.19 a 76.42 a 49.06 a 12.67 a 2.40 a 
LL 26.46 b 74.05 b 39.89 b 17.33 a 2.44 a 
Light (L)  *** *** *** ** ns 
Variety (V)  *** ** ns ns *** 
L × V  *** ** ** ns *** 
Different small letters represent significant difference between NL and LL at 0.05 levels; *, ** and *** represent significant differences at 0.05, 
0.01 and 0.001 levels, respectively; ns, No-significance at 0.05 level. 
 
Table 4. Characteristics of rice cooking and sensory properties of three rice varieties under natural light (NL) and low light (LL, 50% of NL) 
conditions during rice grain filling in 2010. 
Variety Light Peak viscosity (RVU) Trough viscosity (RVU) Breakdown (RVU) Final viscosity (RVU) Setback (RVU) 
Amylose content 
(%) 
Koshihikari NL 336.65 a 201.69 a 134.96 a 304.75 a -31.90 b 13.78 a 
 LL 221.64 b 140.61 b  81.03 b 231.64 b 10.00 a 11.65 b 
IR72 NL 339.33 a 293.86 a  45.47 a 415.33 a 76.00 b 25.98 a 
 LL 308.95 b 274.61 b  34.33 b 401.25 b 92.30 a 22.87 b 
Gangyou 527 NL 333.03 a 230.44 a 102.58 a 376.19 a 43.17 b 24.61 a 
 LL 288.70 b 202.75 b  86.00 b 345.97 b 57.22 a 22.31 b 
Light (L)  *** ns ns ns ns ns 
Variety (V)  * ns ns ** ** *** 
L × V  * ns ns * * *** 
Different small letters represent significant difference between NL and LL at 0.05 level; *, ** and *** represent significant differences at 0.05, 
0.01 and 0.001 levels, respectively; ns, No-significance at 0.05 level. 
204                                                                         Rice Science, Vol. 22, No. 4, 2015 
in AST and ALT activities in rice grains under LL 
condition during GF stage (Fig. 1). It is well known 
that LL during GF stage can seriously decrease rice 
grain weight and increase the sterility rate of inferior 
grains (Kobata et al, 2000). Therefore, it is reasonable 
that N transport from source to sink was suppressed 
by LL. However, this reduced sink capacity could lead 
to an increased quantity of N imported into each 
filling caryopsis, as shown by the increased protein 
and TAA levels under LL condition (Tables 1 and 2). 
The major rice proteins are albumin, globulin, 
prolamin and glutelin (Shewry and Halford, 2002). 
Unlike most other cereals, glutelin is the predominant 
protein component in rice and the main determinant of 
rice nutritional value (Yamagata and Tanaka, 1986). 
In addition, proteins comprise AAs, which are classified 
as EAAs (Lys, Thr, Met, Ile, Leu, Val, Phe, and Trp) 
and non-EAAs. As EAAs are critical to human 
nutrition, EAA levels are frequently used to evaluate 
the nutritional value of food, including rice (Jackson, 
1983; Fuller and Garlick, 1994). In this study, protein, 
glutelin, TAA and most EAAs in the three varieties 
increased significantly under LL condition. LL did not 
suppress rice transamination or N transport in filling 
grains, which could together contribute to increase 
nutritional ingredient levels. Protein components and 
EAA ratios are invaluable for determining rice nutritional 
value. However, unlike nutritional ingredient levels, 
LL had little impact on the ratios of the nutritional 
ingredients, including the main protein components 
and most EAAs. Therefore, we concluded that LL 
during GF stage can potentially improve the nutritional 
value of rice. 
Nevertheless, Met levels in caryopses of all varieties 
did not increase significantly under LL during GF stage. 
Of particular interest was that the Met level in Gangyou 
527 was lower than that under NL condition in 2008. 
In addition, Met levels in grains of Gangyou 527 
throughout the heading stage were lower than those 
under NL condition in 2010. The sulfur in the Met 
molecule originates from cysteine (Cys), another sulfur- 
containing AA (Ravanel et al, 1998). Consistently, a 
decreasing trend in grain Cys levels was detected 
across all varieties grown under LL during GF stage 
(Supplemental Fig. 1), suggesting that, unlike the other 
AAs, transport of sulfur-containing AA from source to 
rice caryopses may be suppressed by LL during GF stage. 
Low light deteriorated rice cooking quality 
LL during GF stage significantly influenced the protein 
components of rice, and these changes may separately 
adversely affect rice cooking qualities. Glutelin level 
determines the nutritional value of rice but adversely 
affects rice palatability (Matsue et al, 1995). Albumin, 
globulin and prolamin are minor components, which 
may not necessarily determine nutritional value, but 
elevated globulin and prolamin decrease the brewing 
quality of rice (Kizaki et al, 1993). In this study, a 
significant increase in glutelin levels was found in rice 
under LL, which could lead to a decrease in rice cooking 
and sensory properties. In addition, the globulin and 
prolamin levels were elevated in rice grains under LL, 
which may lead to deteriorated rice brewing quality. 
Amylose levels and RVA values are more commonly 
used to define rice cooking and eating quality and 
objectively reflect rice pasting properties (Champagne 
et al, 1999; Martin and Fitzgerald, 2002). Amylose is 
a key determinant of rice cooking quality and has a 
tendency to associate through hydrogen bonding with 
a principal effect on cooked texture (Shu et al, 1998; 
Ramesh et al, 1999; Lu et al, 2009; Yu et al, 2009). 
Similar to previous studies (Ren et al, 2003; Li et al, 
2006; Wang et al, 2013), LL during GF stage gives 
rise to significant decreases in rice grain amylose 
levels, suggesting that LL severely impacts rice starch 
pasting viscosity. It is well known that rice varieties 
with high eating quality normally show higher 
breakdown and lower setback values as determined by 
RVA. The typical phenotype was observed in the 
well-known, high cooking quality rice variety 
Koshihikari. However, LL consistently decreased 
breakdown values and increased setback values of the 
three varieties (Table 4). These results suggest that LL 
during GF stage deteriorates rice cooking quality. 
Low light reduced commodity value of rice  
Rice is normally consumed as milled rice, and its price 
is more affected by milled rice rate and chalkiness rate. 
LL during GF stage caused a significant decrease in 
milled rice rate and an increase in chalkiness rate 
(Table 3). Taken together with the decline in 1000- 
grain weight, those results suggest a severe decrease 
in rice commodity value and physical appearance; thus, 
a profoundly negative outcome would result when rice 
is exposed to LL during GF stage. 
Gangyou 527 showed less negative impact on rice 
quality under low light condition 
The three different varieties selected for this study 
exhibited similar transamination and AA accumulation 
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in grains concomitant with increased nutritional value 
and rice quality properties upon exposure to LL 
during GF stage. Nevertheless, a slight difference was 
detected in the hybrid indica rice Gangyou 527, which 
showed strong adaptability to LL (Liu et al, 2012). 
Gangyou 527 exhibited more moderate effects of LL 
on milled rice rate, 1000-grain weight, and chalkiness 
rate than Koshihikari and IR72 (Table 3). This result 
indicates that rice genotypes that are less sensitive to 
LL stress may contribute to increase nutritional value with 
less impact on yield and quality in rice production 
under reduced solar radiation in the near future. 
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